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Abstract : The effects of electron icmf^rature enhancement diinng amfic lal nivKlificatioii has 
been xnvesligated by numerical sim ulant in model ionosphere using a dciailed ion chcmKal 
scheme. The re.sulls showed that increase in three btxly electron aitachmcni rate coefficjenis over 
whelms the decrease in dissociative recombination rales of positive ions prixiucing a nei dccicasc 
m electron density in the lower D-region. 'I’hc sensitivity ol the election density to electron 
temperature enhancements has also been studied taking the water clusier ion tecombinaiion as 
electron temperature-independent.
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1. Introduction
Ever since the first reported cross-modulation effects on VLF and LF waves by Jones e/ a! 
(1972), the modification of the lower regions of the ionosphere by Artificial Radio Wave 
Healing (ARWH) has been an area of active experimental and theoretical invcsligalitm. It is 
generally believed that electron density docs not get modified when the region is irradiated 
by high power hf radio waves. However, partial reflection measurements and model 
calculations by Holway and Mellz (1973) and Utlaut and Violetic (1974) showed that 
electron density profile along with collision frequency gets altered by the heater to different 
degrees at different altitudes. Further evidence of D-region electron density changes during 
artificial modification came from the work of Mcltz et al (1974), Duncan and Gordon (1982) 
and more recently Holt et al (1985).
These changes in electron density during ARWH are presumably brought about by 
modified acronomical processes, particularly by the changes in electron temperature 
dependent ion-electron recombination and electron attachment. Although there is no direct 
experimental evidence, hf absorption and partial reflection results (Holway and Mcltz 1973, 
Siubbe et al 1982) do suggest similar processes. In the absence of direct observation, model 
compulations help in understanding the behaviour o f the D-region plasma parameiers- 
positive and negative ion densities and their relative contributions in altering the electron 
density profile under conditions o f  artificial healing. One o f the early studies in this
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direction was of Tomko et al (1980). Recently, Chakrabarty and Modi (1988) studied 
artificial heating effects in the D-region plasma using the ion chemical scheme of 
Chakrabarty et al (1978). Their results showed that the increase in electron density above 75 
km is mainly caused by reduction in the recombination coefficient of water cluster ions 
with increase in electron temperature. They, however, did not consider the negative ions. 
But earlier mass speedometer measurements by Huang et al (1978) showed that electron 
temperature dependence of rate of recombination of water cluster ions is rather weak. Taking 
this suggestion, Meltz et al (1982) studied electron temperature dependence of electron 
density using the six ion model of Mitra and Rowe (1972) but considering only the 
recombination of NO* and O2* and the three body attachment of O2 and found a close 
agreement with experimental observations. These early investigations have used simplified 
ion chemical schemes and computations were carried out with a constant temperature rise 
throughout the altitude range, which is not realistic. With the availability of more 
comprehensive ion-chemical schemes and neutral atmosphere models and also the 
temperature profiles under artificial heating, it will be interesting to examine the variability 
of different positive and negative ions and the changes in the electron density brought about 
during ARWH.
2. Simulation of ARWH in model ionosphere
The altitude distribution (60-100 km) of electron density appropriate to a moderate solar 
activity noon time conditions at low latitudes is considered in this study. The neutral 
atmosphere model, including the minor species, necessary to obtain ion production rates is 
adopted from the work of Somayaji and Arunamani (1990). A comprehensive ion-chemical 
scheme discussed by Reid (1976) which considers 23 positive ions and 12 negative ions is 
used to derive the electron density profile.
The ARWH conditions are simulated by introducing the effect of temperature rise in 
the recombination and attachment rate coefficients. The rate coefficients of the principal 
ions, NO* and O2* and water cluster ions, for ambient temperatures used are taken from 
literature.
3 .  Results and discussion
The computations of ion composition and electron densities have been carried out for 
different levels of heating with elecbon temperature (T,) equal to 3, 5 and 10 times of the 
ambient electron temperature (TJ value. As it is not strictly valid to assume a uniform 
temperature enhancement in an ordinary heating experiment, we have adopted the altitude 
distribution of temperature ratio (T»/7’„) derived from Meltz. er al (1974 Figure 5, for 
sustained heating by 0 -mode excitation) and obtained a temperauire profile for modified 
conditions. This temperature profile is shown in Figure 1. The ratio at maximum of 
abrorpiion is 3.6. Ion composition and electron densities have also been computed using 
this temperature profile to have a more realistic assessment of the results.
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Figure 1. Allilude distribution of temperature under (A) normal and (B) excited condiuons.
The altitude distribution of electron density so derived for normal (unheated) and modified 
conditions is shown in Figure 2. The variation in the electron density below 100 km» as a 
result of electron heating, shows two distinct zones. Below 75 km (74 km), there is a 
decrease and above this allilude, the electron density increased with electron temperature.
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Figure 2. Altitude distribution of elcaron density for different levels of ARWH (considering that 
the lecombination coefficient of H'^ (H20 )„ is dependent on electron temperature).
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Taking that the changes in electron density arc arising due to changes in recombination rate 
cociTicients, the present results show that below 75 km the decrease in electron density is 
due to increased rate of three body attachment of molecular oxygen, as this reaction is the 
main tcmpcialure dependent chemical reaction (Tomko et al 1980) and the negative ions 
have the predominant influence in controlling the electron density levels over that of 
positive uuis. Owing to reduction in the rate of diss(x:iaiivc recombination of molecular 
six-cies the rleciron donsiiy shows an increase above 75 km, whose conU'ibution to electron
•F O B  TEMP. PROFILE IN F IG .K B J
Kiguro 3. Aliilude distribution of (A) total positive ions and total negative ions; (II) KO*;
(C) O2 ; (D) 511 rtltjO),, at dificrent levels of ARWIl.
density in this altitude region is significant. This is more clearly brought out in Figure 3 
where the altitude distribution of positive and negative ion concentrations are shown. The 
concentrations of NO*, O2* and those of water cluster ions at different levels of heating arc 
also shown in the figure. It is readily evident that variation of O2* with enhanced electron 
temperature is marginal, that too above about 90 km. As»regards the important contributors 
to the lower ionospheric electron density, while decrease in the rate of recombination of 
NO* results in an increa.se in the electron density above 88 km, the water cluster ions 
appear to determine the electron density variation below this altitude. However, as already
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mcniioned, water cluster ion concentration though increases with electron temperature due 
to reduced recombination, the increased attachment reaction rate (forming negative ions) 
overwhelms, resulting in a net reduction in electron density below 75 km.
The increase in the concentration of water cluster ions increasing the in the D- 
region, though consistent with the observation ©f Chakravarty and Modi (1988), is to be 
taken with some reservation. It has already been ijnentioned that Huang et al (1978) showed 
that electron temperature dependence of water d[uster ions, is rather weak. In order to see 
how the electron density behaves under suc| circumstances, we have repealed the 
computations taking the water cluster ion recombination as electron temperature- 
independent. The resulting electron density profiles arc shown in Figure 4. The result that is 
seen in this figure, a rise in altitude zone (up t© 84 km) in which there is a decrease in
lO^
Figure 4. Altitude distribution of electron density for different levels of ARWH (considering that 
ihe rccombinaiion coefficient of is not dependent on eJcctron temperature)
electron density with increase of Te, is predictable. In the absence of variation in positive 
ion (here water clutcrs) concenu'ation, the increased negative ion population determines the 
electron density. The results obtained using the temperature profile shown in Figure 1(B) 
follow similar trend between 60 and 82 km, as seen in the Figures 2-4. Above 82 km, 
"however TJT  ^is nearly one and the variation in electron density is marginal.
Table 1 summarises the variation of electron density under artificial modification of 
the ionosphere. In this the percentage increase or decrease of electron density from its 
ambient value are give at different altitudes. For a uniform ratio of electron temperature 
under modified to normal conditions throughout the altitude zone, the decrease or increase in 
electron density is directly proportional to the electron temperature. The decrease in electron
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Table 1. Percentage change in electron density at different levels of ARWH.
% Variation
ir(H20)„ recombination 
dependent
H'^ (H2 0 )n recombination 
Tg independent
htv L
kn,\T„
3 5 10 3 5 10
60 -  48.0 -55 .0 -  50.0 -48.0 -  55.0 -  72 0
62 - 49.0 -  57.0 -  72.0 -50.0 -  57.0 -  73 0
64 >49.0 -55 .0 -  71.0 -.50.0 -  56.0 -  72.0
66 -- 44 0 -  48.0 -  63.0 -47.0 -  51.0 -  65.0
68 -  38.0 -  39.0 -  49.0 -44.0 -  45.0 -  54.0
70 > 29.0 -  24.0 -  26.0 -39.0 -  39.0 -  42.0
72 > 20.0 -  13.0 -  3.0 -38.0 -  37.0 -  37 0
74 -  1 0 + 14.0 + 32 0 -33.0 -  32.0 -  31.0
76 + 31.0 + 62.0 + 95.0 -26.0 -  27.0 -  31.0
78 + 41.0 + 90.0 + 142.0 - 20.0 -  23.0 -  30.0
80 + 56.0 + 98.0 + 164.0 - 12.0 -  15.0 -  22.0
82 + 57.0 + 99.0 + 169.0 -  6.0 -  8.0 -  13.0
84 + 53.0 + 91.0 + 160.0 + 0.5 + 0.5 + 0
86 + 41.0 + 71.0 + 125.0 + 6.8 + 90 + 110
88 + 34.0 + 55.0 + 95.0 + 17.0 + 24.0 + 34 0
90 + 34.0 + 55.0 + 89.0 + 28.0 + 42.0 + 63 0
92 + 38.0 + 61.0 + 97 0 + 36.0 + 56.0 + 87.0
94 + 39.0 + 61.0 + 100.0 + 38.0 + 61.0 + 92 0
96 + 39.0 + 63.0 + 101 0 + 39.0 + 62.0 f 1(K) 0
98 + 39.0 + 63.0 + 101.0 + 39.0 + 62.0 + 101.0
100 + 39.0 + 63.0 + 101.0 + 39.0 + 62.0 4 101 0
density at around 65 km, where negative ion control is more, is nearly 50% and greater. 
Above 75 km, the increase is more than 50%. Table 2 presents the results obtained using 
the temperature profile (shown in Figure 1(B)). In this, the electfon temperature is raised by 
a factor of 2-4 below 70 km. Here,the percentage decrease in electron density below 75 km 
varies from nearly 20% to 50% at maximum of absorption. This result compares well with 
the observations of Meltz et al (1982). However, above this altitude, the percentage increase 
in electron density is less than 10% when the water cluster ion recombination is considered 
and much less when they are not taken into account. This is due to the fact that above 80 
km the ratio TJT  ^ is nearly one in the temperature profile considered. Nevertheless this 
variation compares satisfactorily with that in the electron density profile obtained by Meltz 
el al (1974) using similar temperature variation.
The problem of non-linear effects in lower ionospheric plasma under artificial 
modification is not as simple because it depends on several factors like the power, frequency 
of the heater (transmitter) and also the mode of excitation. Nevertheless, the simulation
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carried out and the results obtained using a comprehensive neutral atmosphere and ion 
chemical model of the lower ionosphere explains the variation in electron density consistent
with the observations
Table 2.
1(B).
made elsewhere.
Percentage change in electron density (Nj) obtained using temperature profile in Figure
--------------------------------------- A.. . __  , , ____ _ ________________ _ __________
% Variali(|iinN e
hi
km T„
♦ ^H (H2 0 )„ rccombinatioi
f
Tp dependent |
__________________________ ii._______
H‘^ (H2 0 )j, recombinaticm 
Tg independent
60 2.10 -  42.0 1 -  42.0
62 2.50 -  46.0 1 -49 .0
64 2.92 -  48.0 1 -50 .0
66 3.40 -  45.0 -  48.0
68 3.60 -  38.0 -  45.0
70 2.49 -  28.0 -"38.0
72 1.77 -  18.0 -30 .0
74 1.57 -  6.0 -23 .0
76 1.33 + 3.3 - 12.0
78 1.28 + 6.5 -  7.7
80 1 30 + 9.0 -  4.0
82 1.20 + 7.5 -  1.3
84 1.17 ■b 6.0 + 0.0
86 1.19 + 5.0 ^ 1.1
88 1.09 2.2 + 1.3
90 1.08 + 2.3 + 2.0
92 1.08 + 2.8 + 2.8
94 1.12 + 2.9 + 2.9
96 1.04 V 1.2 + 1.2
98 1.01 + 0.5 + 0.5
100 1.00 + 0.0 + 0,0
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